[1] Seventy-two images of the S-class asteroid 5535 Annefrank, acquired on 2 November 2002 at target ranges of 11,415-3078.5 km, were transmitted to Earth as a part of an engineering readiness test of the Stardust mission. Forty-four of these were used to create a phase curve extending to 134°, the largest angle yet achieved for any S-class asteroid. Flux fell by more than six magnitudes between the extrapolated 0°and 134°. A maximum illuminated cross section of 16 km 2 was seen at a phase angle of 47.2°. Assuming a camera efficiency of 75%, a broadband (470-940 nm) geometric albedo of 0.24 was derived for Annefrank.
Introduction
[2] On 2 November 2002 at 0451:20 UT the Stardust spacecraft flew past the asteroid Annefrank at a distance of 3078.5 km. The parameters of the flyby were established as those giving the best test of the spacecraft and its controlling software while minimizing risk to the primary mission objective of encountering Comet 81P/Wild 2 on 2 January 2004. In other words, this was strictly an engineering test, not a science activity, but nevertheless interesting science data were acquired. We report here on photometric properties of Annefrank.
Stardust Optical Navigation Camera
[3] The primary goal of the Stardust mission is to return cometary dust to Earth for study in terrestrial laboratories. A camera was included for purposes of optical navigation, which will be required to achieve a Wild 2 closest approach of roughly 150 km. The camera will be used to take science images of the comet nucleus during the flyby, but that goal is strictly secondary. The camera system consists of an f/3.5
Petzval type lens of 202 mm focal length with a 1024 Â 1024 pixel CCD detector. These give a resolution of 59 mradians per pixel. The passband of the camera extends from 470 to 940 nm. No filters are available. There have been problems since launch with contamination of the optics from an unknown source. Most of this contamination has been removed from time to time with heating, but a shallow skirt of scattered light remains in the images, and considerable care must therefore be taken in their analysis. A detailed description of the camera and its current operational state can be found in the work of Newburn et al. [2003] .
Imaging at Annefrank
[4] The most important goal of the Annefrank flyby was to test the Stardust autonomous encounter software. The spacecraft has to be able to control itself and keep its camera pointed at the target, without any human intervention, while 20 light minutes from Earth. The software is not bothered by overexposed (saturated) images, but there was concern that weak images could be a problem, especially if there were bright stars somewhere in the background field. Therefore, except for the 31 images taken nearest closest approach, exposure times were deliberately set high, and 22 of the 72 images transmitted to the ground contained saturated pixels. Thirty-four images were used by the spacecraft software without being stored for transfer to the Table 1 , which lists every image actually transmitted to the ground. Memory capacity was not adequate to retain more than 72 images. Four images, taken before the software ''locked'' the spacecraft onto Annefrank and moved the asteroid to the center of the frame, were too near the edge of the field for good photometry. One image was lost, as expected, while the software was filtering the early data to provide proper locking coordinates. Four images were smeared due to inadequate settling time before long exposures. These can still be used for a measure of total image brightness. The flyby was totally successful in its major goal of uncovering potential problems before encountering P/ Wild 2. Six of the images, in a processed form, are shown in Figure 1 . The individual pixels become obvious near the edges where low-light-level pixels have been discarded to remove the scattered light halo. This process, when coupled with the low contrast caused by compression, also introduces some linear artifacts.
Image Processing
[5] A subimage pixel map, 100 Â 100 pixels, was extracted from each image. The compressed data, which are nonlinear, were converted to the midpoint of their uncompressed equivalents, using a lookup function. A background was determined for each image from 1000 pixels well clear of the image. (This individual treatment was necessary, because the bias, which constitutes most of the background, decreases with camera use as the temperature of the electronics increases.) The background was subtracted from all 10,000 pixels in each subimage and these were then summed to give a measure of the total light from the asteroid, needed to determine the phase curve.
[6] Profiles were also run on each image in perpendicular directions in order to separate the true edge from the scattered light halo. It was assumed that extrapolation of the slope of the profiles above the halo to the background level gave a suitable measure of the edge location. A vertical profile across the middle of image 459 is shown in Figure 2 .
[7] As might be expected, the brighter the asteroid image, the larger and brighter the scattered light halo. The slopes in Figure 2 , for example, suggest the true limbs of the asteroid lie near pixels 41 and 59 and have a brightness of 900 dn. A least squares fit was made to the digital numbers (dn) at three or more apparent limb locations of each image, determined from two or more profiles, to the previously measured total brightness of those images. (The terminators were not used.) Since determinations from individual profiles tended to be somewhat subjective, the limb dn level for each image was therefore taken to correspond to the measured total image brightness in the least squares fit. An Excel countif function then was used to count the number of pixels brighter than that limb dn level to give a measure of the actual illuminated area for each image. This worked well for the brighter and larger images, but the earlier images contain so few pixels that their illuminated area is poorly determined.
[8] The final factor to be considered in attempting quantitative photometry is the absolute sensitivity of the camera. This was carefully measured for each pixel in the laboratory before launch, but the contamination that has plagued the camera from time to time has made these calibrations of limited value. A heating of the CCD to just above 0°C was carried out shortly before the Annefrank encounter. A few images of four stars taken shortly after the heating suggest that the Annefrank sensitivity is about 75% of that in the laboratory. This is based upon the dn level the stars should have had, given their spectral type, spectral class, parallax, and V magnitude as given in the SIMBAD database. Additional images to improve this number are not yet available. The compressed background of the small subimages near the center of the field is quite constant, so the relative photometry of the camera is good, but the absolute calibration is quite suspect at this time.
Phase Curve
[9] The uncompressed and bias subtracted pixel brightness numbers can simply be summed to get a measure of the total flux in relative (dn) units. The total flux was then normalized to the distance of closest approach. Plotted against the phase angle, these give us a relative phase curve for Annefrank from 47°to 134°. Only one other asteroid, 253 Mathilde, a C-class, has ever been observed at phase angles larger than about 100°. Virtually all asteroid phase curves are nearly linear at small phase angles when plotted in semilog (magnitude versus angle) space, except for an opposition brightening [Bowell et al., 1989] . Our Annefrank data were therefore extrapolated to zero phase with a 0.023 magnitudes per degree phase coefficient, the slope of our own data near 50°, and an 0.35 magnitude opposition effect. A point was arbitrarily interpolated at 90°. The resulting curve, produced by an ''Excel'' graphing program is shown as Figure 3 . Observations by P. Weissman et al. (personal communication, 1999) and by R. Binzel (personal communication, 2000) suggest that Annefrank is an S-class asteroid and a slow rotator. All Stardust observations were taken in a 27 minute period, so clearly this curve is simply a curve at a particular rotational phase. (e.g., Annefrank's orientation was essentially fixed relative to the Sun.) The changing aspect of the asteroid in the images is due solely to the motion of the spacecraft past it. Whole disk photometry of the S-class asteroid 951 Gaspra acquired by the Galileo spacecraft showed a slightly larger phase coefficient (0.027) [Helfenstein et al., 1994] , while photometry of 433 Eros by NEAR showed a smaller value of 0.018 [Domingue et al., 2002] , but the latter required use of ground-based data for the smaller angles. Data have been reported only to 60°for Gaspra [Helfenstein et al., 1994] , 30°for Ida [Helfenstein et al., 1996] , and 90°for Eros [Domingue et al., 2002] . NEAR did acquire a data point at 136°for the C-class asteroid 253 Mathilde [Clark et al., 1999] . Mathilde had a geometric albedo of only 0.047 (at 700 nm) but showed a steep drop in its phase curve similar to Annefrank [Clark et al., 1999] .
[10] The change in illuminated area alone, assuming a circular profile [phase = 0.5(1 + cosa), where a is the phase angle], would have reduced the flux by only 1.87 magnitudes at 130°and 2.935 magnitudes at 150°relative to zero phase. The accompanying study (T. C. Duxbury et al., Size, shape, and spin state of mainbelt asteroid Annefrank, submitted to Journal of Geophysical Research, 2003) shows that the shape of Annefrank is certainly irregular and elongated, but the fractional change in illuminated area is not grossly different from that expected for a sphere. Clearly Annefrank is NOT a Lambert surface. It shows a drop of 5.7 magnitudes at 130°. This sharp drop in magnitude with increasing phase must be caused by some combination of changing cross section, shadowing, and a steep scattering law.
Albedo
[11] The Sun at 1 AU would present a value of 2.8808 Â 10 16 dn/s on the Stardust camera as it stood in the laboratory before launch. The measured illuminated area of the best images taken near closest approach to Annefrank is given in Table 1 . There is a general trend showing increasing illuminated area as the phase decreases, but there are random fluctuations due largely to the poor photometric resolution of the compressed data. A compressed dn level might actually lie anywhere in a range of 14 uncompressed dn at the dn levels near image edges. Assuming the camera to be working at 75% of its laboratory level, as suggested by the few data taken immediately before the Annefrank encounter, the mean geometric albedo calculated for the measured data is 0.24. This was the mean value determined for all of the cross sections from 71°to 47°phase angle. If the camera were working at the laboratory level, these data would give an albedo value of 0.18. For comparison, the clear filter used by Galileo gave a result for the geometric albedo of Gaspra of 0.24 [Helfenstein et al., 1994] . Integrated disk photometry of Eros by NEAR at 550 nm gave an albedo of 0.29 [Domingue et al., 2002] , while that for 243 Ida determined by Galileo was 0.206 [Helfenstein et al., 1996] . Further checks of camera sensitivity, if made not too far in time from the Annefrank encounter, should improve our albedo value.
[12] The illuminated surface area determinations are independent of the camera sensitivity, however, and these will not change. A 16 km 2 illuminated ellipse seen broadside with two to one axial ratio would have radii of 1.6 and 3.2 km. Data from Hicks and Weissman [Bowell et al., 1989 ] at a phase angle of 9.5°show a smaller illuminated cross section of 11.7 km 2 , assuming 0.24 albedo, suggesting that the largest cross section of Annefrank was included in our best data. The data at the largest phase angles are difficult to interpret with any accuracy. The images consist of only a few pixels, so the areas are poorly determined and so are the total light levels, simply because of the large quantized steps in the data.
The Future
[13] These data will soon be available from the Planetary Data System. All images listed in the table will be included.
Even images with some saturation can be useful for purposes such as study of areas near the limb where light levels are intrinsically low. Any further calibrations will also appear there. Anyone wishing to use the data should be very conscious of the presence of substantial scattered light and of the nonlinear nature of the dn values presented by the square root data compressor.
